Natural bodies of water have several advantages as IR calibration targets in remote sensing. Among these are availability, homogeneity, and accurate knowledge of emissivity. A portable, low-cost, floating apparatus is described for calibration of remote IR sensors to within 0.15 C. The apparatus measures the surface and bulk water temperature as well as the wind speed, direction, temperature, and relative humidity. The apparatus collects data automatically and can be deployed for up to 24 hours. The sources of uncertainty, including the effects of skin temperature and waves are discussed. Data from several field campaigns to calibrate IR bands of DOE's Multi-Spectral Thermal Imager are described along with estimates of error.
INTRODUCTION
The surface temperature of natural bodies of water is of interest for many applications. The sea-surface temperature is important in controlling the world's climate and weather patterns 1 while variations in the temperature also reveal circulations of bodies of water. Water surface temperatures can also be used to check the accuracy of satellite and aircraft IR sensors because the emissivity of water is well known and because temporal and spatial variations in water bodies are often small. Contemporary satellite sensors, such as NOAA's Advanced Very High Resolution Radiometer (AVHRR) are now capable of measuring the sea surface temperature to 0.2C 2 which requires increased accuracy for in situ calibration and verification measurements.
More accurate measurements of the surface water temperature have directed attention to several areas previously neglected. These include the dependence of the water emissivity on wave action, the influence of ships and buoys on the measurement of atmospheric variables, the reflection of IR radiation from the sky, and the difference between the bulk (depths of 10 cm to 1 meter) and the surface water temperature. This latter difference is due to the 'skin' effect and thermal gradients between the bulk water and the surface.
The most accurate measurements of the sea surface temperature have been achieved with shipboard FTIR instruments 3 . However, these instruments are expensive and cumbersome to operate and not easily deployable. The purpose of this project was to construct and operate a portable instrument capable of measuring the surface water temperature to 0.1C, which also collects meteorological data necessary to study the skin temperature depression and thermal gradients. These latter objectives required an apparatus that is relatively transparent to the motion of water and air.
EXPERIMENTAL APPARATUS
A picture of the apparatus is shown in Fig. 1 . It is an open, square frame, 1.8 meters on a side, with floatation at each corner, and held together with horizontal stainless steel rods above the surface. The apparatus is flexible to minimize pitching in strong winds and has been operated in winds up to 25 knots. It is attached to a float/anchor assembly with a tether line so that the IR radiometer and sonic anemometer always face into the wind. The sensors installed on the apparatus are listed in Table 1 As mentioned above, the surface water temperature is different from and generally cooler than the bulk water temperature because of thermal gradients near the surface and because of the formation of a surface 'skin' layer less than 1 mm thick. In natural bodies of water this skin layer is usually cooler (~0.5C) than the bulk temperature because of IR and evaporative cooling and inhibited mixing near the surface 4 . The skin temperature apparatus determines this depression by subtracting the surface water IR temperature (ambient) from that of water periodically pumped to the surface from a depth of 10cm with a small, submerged bilge pump positioned at the center of the IR radiometer's field of view. The pump is operated every 10 minutes for 10 sec and pumps a stream of water to the surface whose temperature is measured by the radiometer before the skin can form. The skin and thermal gradient are then found by subtracting the IR temperature of the 10-cm (pumped) water from the IR temperature of the ambient surface water. The surface temperature is determined by subtracting this difference from the 10-cm thermocouple temperature. The advantage of this method is that the radiometer does not need to be of high absolute accuracy or stability and sky radiative effects cancel.
The surface temperature can also be determined by calibrating the radiometer and calculating the effect of sky reflection, which lowers the apparent water temperature by 0.1 to 0.8C. This effect can be calculated with a radiative transfer code such as MODTRAN and a model for the emissivity of water in the presence of wind. Alternately, IR measurements of the sky radiation in the 8-14 micron region can be used. In practice, the most accurate correction for the sky is obtained when an atmospheric profile of temperature and humidity are input into the radiative transfer code and the sky temperature is verified with a radiometer.
The other sensors in Table 1 characterize the water surface and provide input to model the skin temperature depression. The skin temperature depression is a function of the wind speed and direction, the water and air temperatures, the relative humidity and the net IR radiation at the surface. The surface emissivity is dependent on the wind speed. Water temperature measurements at 1, 10 and 50 cm measure the thermal gradient below the surface of the water.
3.CALIBRATION
The accuracy of the measurements is especially dependent on calibration of the IR radiometer and the thermocouples. Table 2 lists the various calibration steps and the accuracies of each step. The IR radiometer used for this measurement has an internal blackbody with a chopped optical signal. Its precision was tested in the laboratory with the instrument at room temperature and a black body target, varied from -10C to 50C. Its thermal stability was evaluated by placing the instrument in a temperature-varying environmental chamber with a target at a constant temperature of 20C. The IR radiometer and thermocouples are also tested with a stirred water black body before each data collection. During data collection, the 10-cm water temperature near (within 10 meters) is checked with an NIST-traceable thermometer accurate to 0.01C. The overall accuracy of the surface water temperature, determined from the radiometer and thermocouples, and with the calibrated radiometer and sky radiative correction is 0.15C.
OBSERVATIONS
Data are shown for two days. The first was a joint data collection at NASA-Stennis with Lockeed-Martin (LM) scientists on August 10, 2000 and the second was on a lake at the Savannah River Site on April 5, 2000. The purpose of the joint collection with NASA Stennis was to compare the performance of the SRTC and LM skin temperature systems, which are similar in design. The devices were placed within 10 meters of each other on the Stennis Pond which is ~100 meters in diameter. The SRTC Heimann IR data have been corrected based on the laboratory calibration and also for the radiative sky effect which, for this day, was +0.20 C, i.e., the sky reflection caused the apparent water temperature to be 0.20C cooler than its actual value. Temperatures are available every 10 minutes corresponding to periods when the pump was operational and pumping water from 10cm deep to the surface. Also, shown are Lockeed Martin thermocouple measurements at a depth of 10 cm.
As can be seen from Figure. 2, during times when the boat was near the SRTC and LM systems, the measured temperatures are within 0.05C of each other. Near 13:10 CDT the temperatures measured from the boat werẽ 0.2C warmer than measured by the LM thermocouple and SRTC radiometer. This difference is due to actual temperature variations across the pond.
The skin temperature depressions obtained by SRTC and LM for the period between 13:00 and 13:30 were -0.55C and -0.61C respectively. This result and the 0.05C agreement for the 10cm temperature yield an accuracy for the surface temperature of 0.10C. Because of spatial and temporal variations of temperature across the pond, the accuracy for an area 2x2 pixels (40 x 40 meters) is estimated to be 0.2C.
The data collection at L-Lake at the Savannah River Site included beginning and ending time periods when the IR radiometer was centered in a cone-shaped polished aluminum hood. The purpose of the hood was to eliminate the effect of sky radiation and verify that the IR radiometer and thermocouples were consistent. The hood extended to ±45 degrees from the zenith. Since the IR radiometer's viewing angle is 20 degrees from the zenith, the hood is an effective shield for sky radiation for a nearly flat surface (light wind) but less effective for a strong wind.
The results for the period between 11:50 and 12:50 are shown in Figure. 3. This figure shows one-minute average thermocouple measurements at 1, 10 and 50 cm, IR surface temperatures with the pump operating every 2 minutes and 10-cm data with the NIST-traceable thermometer (Standard).
During the period between 11:50 and 12:02 the 10 cm thermocouple temperature is within 0.05C of the NIST thermometer whereas the IR radiometer (with the pump operating) is 0.2C -0.3C less than the NIST thermometer. The reason for the discrepancy between the IR radiometer and the thermometers is that although the wind was very light with no waves, the pump operation created a mound of water at the surface whose sides reflected cooler sky radiation (zenith angles greater than 45 degrees) back to the radiometer. This can be seen by examining the 2-sec IR temperatures for the period around 11:54 (see Figure 4 ). This figure clearly shows the elevated temperature of the 10-cm water for 10 sec after 11:54:02 but also shows an increase in temperature of 0.25C after the pump shut off at 11:54:08. This increase is due to the collapse of the mound of pumped water, a return to a flat surface, and elimination of sky reflection from angles greater than 45 degrees. Thus, the IR radiometer, thermocouples and NIST standard are in agreement to within 0.1C. Figure 5 is the slow reformation of the skin temperature depression, which can be seen to take almost 20 seconds. In strong wind conditions the skin reforms much more quickly.
Also of interest in

MODELING
When measurements of the water surface are not available, its temperature must be inferred from bulk water temperatures. In general, the surface will be cooler than the bulk water temperature because of the skin effect but a thermal gradient in the top meter of the water is also possible, particularly with light winds. The surface temperature differd from the bulk temperature because of the wind speed, air temperature, humidity and the net balance of solar and IR radiation. The wind tends to reduce the thermal gradient and erode the skin by mixing the water near the but can also enhance the skin effect by increasing the evaporation rate. Figure 5 shows the observed and calculated skin temperature depression for the August 10, 2000 data collection at NASA-Stennis. The calculations are from the SRTC skin temperature model and from the models of Schlussel 5 and Wick 6 . As can be seen from the figure, the SRTC and Wick models are very similar in their predictions but both underestimate the size of the skin temperature depression for the 5 hours of data by ~0.2C. Analysis of other data sets produced different biases and variability.
5.CONCLUSIONS
A floating, portable apparatus has been constructed to measure the surface water temperature and skin temperature depression for various target sites for the MTI satellite program. The apparatus also measures meteorological variables required to determine the surface temperature from the bulk water temperature. Absolute accuracy of 0.15C in the surface temperature has been obtained for two data collections.
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